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&RQFUHWH LV WKH PRVW ZLGHO\ XVHG FRQVWUXFWLRQ PDWHULDO LQ WKH ZRUOG ,QGLYLGXDO FRPSRQHQWV RI WKLV FRPSRVLWH
PDWHULDO ZHUH VLJQLILFDQWO\ XSJUDGHG WKURXJK WKH ODVW  \HDUV &RQFUHWH HYROXWLRQ EHQHILFLDOO\ LQIOXHQFHG LWV
PHFKDQLFDO DQG WHFKQRORJLFDO SURSHUWLHV DQG H[WHQGHG WKH FRQFUHWH GXUDELOLW\ +RZHYHU WKH EULWWOH FKDUDFWHU RI
FRQFUHWH LV VWLOO RQH RI WKHZHDNHVW SRLQWV RI WKLVPDWHULDO ,Q RUGHU WR LPSURYH WKLV GLVDGYDQWDJH WKH GLVSHUVHG
UHLQIRUFHPHQW ZLWK VXIILFLHQWO\ KLJK <RXQJ PRGXOXV LV DSSOLHG %\ DGGLQJ GLVSHUVHG UHLQIRUFHPHQW WKH EULWWOH
FKDUDFWHULVUHGXFHGDQGFRQFUHWHJDLQDELOLW\WRFDUU\ORDGDIWHUFUDFNSURSDJDWLRQ7KLVSKHQRPHQRQLVGRFXPHQWHG
E\LQFUHDVHRIIUDFWXUHHQHUJ\0DQ\UHVHDUFKHUVIRFXVHGRQWKLV WRSLFäLOLXNDVDQG$XJRQLV%DUURVDQG
&UX]
5HDO DSSOLFDWLRQV RI ILEUHFRQFUHWH DUH IUHTXHQWO\ DUUDQJHG WR FDUU\ VKHDU IRUFHV 8QIRUWXQDWHO\ QR UHDOL]HG
H[SHULPHQW LQYHVWLJDWLQJ WKH SHUIRUPDQFH RI ILEUHFRQFUHWH LQ SXUH VKHDU PRGH ZLWKRXW DQ\ IOH[XUDO HIIHFWV LV
DYDLODEOH5HDOL]DWLRQRIWKHVHVSHFLILFFRQGLWLRQVLQFDVHRISULVPEHDPORDGHGE\YHUWLFDOWUDQVYHUVHORDGLVQRW
IHDVLEOH ,Q VXFK DQ DUUDQJHPHQW WKH VKHDU LV DOZD\V DFFRPSDQLHG E\ EHQGLQJ HIIHFWV +RZHYHU XQWLO QRZ WKH
UHDOL]HG H[SHULPHQWV LQYHVWLJDWLQJ VKHDU EHKDYLRXU RI ILEUHFRQFUHWHZHUH EDVHG RQ EHDP W\SH H[SHULPHQWV RQO\
0HGDHWDO0LQHOLDQG3OL]]DUL.DUWKLNDQG0DUXWKDFKDODP
)RU WKH IXOOXQGHUVWDQGLQJRI ILEUHFRQFUHWHSHUIRUPDQFH LW LV QHFHVVDU\ WR FDUU\RXW WKHSXUH VKHDU H[SHULPHQWV
0RUHRYHUDGYDQFHGQRQOLQHDUDQDO\VLVRITXDVLEULWWOHPDWHULDOVHPSOR\VFRQVWLWXWLYHODZVGHVFULELQJWKHFRPSOH[
PDWHULDOEHKDYLRXU7KHQHZO\SURSRVHGH[SHULPHQWVHQDEOHFDOLEUDWLQJWKHVHVRSKLVWLFDWHGPDWHULDOODZV
%HDP ORDGHG E\ WUDQVYHUVH ORDG GRHV QRW DOORZ UHDOL]DWLRQ RI SXUH VKHDU PRGH VR LW ZDV SURSRVHG VSHFLDO
DUUDQJHPHQWRIWKHH[SHULPHQW7KHDSSURSULDWHVROXWLRQSURYHGWREHWRPDNHWKHH[SHULPHQWDOVSHFLPHQVDVODUJH
VFDOHWKLQZDOOHGWXEHVORDGHGE\WRUVLRQ7KHWRUTXHLVLQGXFHGE\FRXSOHRIRSSRVLWHIRUFHVDSSOLHGDWFDQWLOHYHUV
ZKLFKDUHPRQROLWKLFDOO\FRQQHFWHGDQGSHUSHQGLFXODUO\RULHQWHGWRWKHWXEH
7KHH[SHULPHQWDO ILEUHFRQFUHWH WXEHVDUHRIFRQVWDQW WKLFNQHVVDQGRIFRQVWDQW UDGLXVDORQJ WKHHQWLUH OHQJWK VR
VKHDU IORZV DUH LQ LQGLYLGXDO FURVVVHFWLRQV LGHQWLFDO (IIRUWZDV WR GHVLJQ WKLQZDOOHG WXEHVZLWK ODUJH UDGLXV LQ
RUGHUWRHQVXUHQHDUO\VDPHVWUHVVLQLQQHUDQGRXWHUVLGHVXUIDFHRIWKHWXEH7KLVUHTXLUHPHQWZDVKDUGO\WRVDWLVI\
EHFDXVHRIWHFKQRORJ\OLPLWV7KHPLQLPDOWKLFNQHVVRIDFRQFUHWHWXEHPXVWUHVSHFWWKHVL]HRIXVHGILEUHV/DUJHU
ILEUHVGHPDQGWKLFNHUZDOOLGHDOO\PRUHWKDQWLPHVRIILEUHOHQJWKLQRUGHUWRDYRLGRULHQWHGILEUHVLQFRQFUHWH
7KHGHVLJQRIWKLFNHUZDOOVZKLOHPDLQWDLQWKLQZDOOHGFKDUDFWHUZRXOGUHTXLUHGHVLJQRIODUJHUDGLXVWXEHV7KHVH
RSSRVHGUHTXLUHPHQWVUHVXOWHGLQWKHVXEVHTXHQWVROXWLRQ

'HVLJQRIWKHVSHFLPHQ

7KHZKROHVSHFLPHQLVPDQXIDFWXUHGPRQROLWKLFDOO\)LEUHFRQFUHWHVSHFLPHQFRQVLVWVRIWKHPLGGOHSDUWWKHWXEH
DQGWKHHQGSDUWVFDQWLOHYHUVSHUSHQGLFXODUWRWKHWXEHD[LV&DQWLOHYHUVHQDEOHWRVXSSRUWWKHVSHFLPHQDQGDOVRWR
LQWURGXFHWKHWRUTXH7KHVSHFLPHQLVSODFHGLQKRUL]RQWDOSRVLWLRQ
)LJXUH6SHFLPHQVXSSRUWV
(DFKFDQWLOHYHULVORDGHGE\DFRXSOHRILQYHUVHIRUFHVSURGXFLQJWRUVLRQHIIHFWVLQWKHWXEHRQHIRUFHLVDFWLRQIURP
K\GUDXOLF MDFN DQG  RWKHU RQHV DUH UHDFWLRQV ,W ZDV QHFHVVDU\ WR IXOILO FRQGLWLRQV RI VWDWLFDOO\ GHWHUPLQDWH
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VXSSRUWLQJ LQRUGHU WR DYRLG UHVWUDLQHG WRUVLRQ WKDW LV DFFRPSDQLHGE\DGGLWLRQDO VWUHVV LQ WXEHV ,Q)LJXUH WKH
VFKHPHRIVSHFLPHQLQFOXGLQJUHDFWLRQVIURPVXSSRUWVLVGUDZQ6XSSRUWAUHSUHVHQWVDKLQJHFDSDEOHWRPRYHLQ
WKH y GLUHFWLRQ 6XSSRUWB LV HODVWLF EHDULQJ ZKLFK DOORZV xD[LV GLVSODFHPHQW 6XSSRUWC LV UHDOL]HG E\ D URG
WUDQVPLWWLQJRQO\YHUWLFDOWHQVLRQ


)LJXUH6SDWLDOYLVXDOL]DWLRQRIVSHFLPHQDQGLWVVXSSRUWV

6SHFLPHQSURGXFWLRQ

'XHWRFRPSOH[LW\RIVSHFLPHQDQGUHLQIRUFHPHQWWKHSODFLQJRIFRQFUHWHLQYHUWLFDOSRVLWLRQRIWXEHLVGLYLGHGLQWR
WZRVWHSVVHH)LJXUH7KHPL[WXUHRIFRQFUHWHZDVGHVLJQHGWRIXOILOWKHUHTXLUHPHQWRIHDV\ZRUNDELOLW\QHDUO\
VHOIFRPSDFWLQJFRQFUHWHLVFRQYHQLHQW

)LJXUH6WDJHVRIFRQFUHWHSODFLQJ

)LUVWO\ WKHFRQFUHWH LVSODFHG LQERWWRPFDQWLOHYHUDQG WKHQ LQ WKHVHFRQGVWHSFRQFUHWH LVSODFHG LQ WKH WXEHDQG
XSSHUFDQWLOHYHU7KHUHTXLUHPHQWRISHUIHFWFDVWLQJUHVXOWHGLQGHVLJQRIQHDUO\VHOIFRPSDFWLQJFRQFUHWH([WHUQDO
PRXOG RI WKH WXEH LVPDGH IURP SDSHU WKH LQWHUQDO RQH LV FUHDWHG IURP SRO\VW\UHQH F\OLQGHU$IWHU WKH FRQFUHWH
VROLGLI\WKHSRO\VW\UHQHLVUHPRYHG7KHQHZO\RULJLQDWHGRSHQLQJHQDEOHVWRSXWLQWKHVXSSRUW$

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
)LJXUH7XEHGUDZLQJVVHFWLRQVWKURXJKWXEHV

,QGLVSHQVDEOH DFFHVVRU\ZDVZHOGHG DQG LQVWDOOHG VXSSRUWLQJ VWHHO VWUXFWXUH WR WKH FRQFUHWH VSHFLPHQ ,QGLYLGXDO
VXSSRUWVDUHGHSLFWHGLQ)LJXUHDQGWKHLUIXQFWLRQLVGHVFULHGDERYHLQWKHFKDSWHUGHVFULSWLRQRIWKHVSHFLPHQ



)LJXUH5HLQIRUFHPHQWYLVXDOL]DWLRQ
([SHULPHQWDOWHVW

/RDGXVLQJGLVSODFHPHQWFRQWURO LV WUDQVIHUUHGIURPK\GUDXOLF MDFN LQWRFRQFUHWH WXEH WKURXJK WKHFDQWLOHYHU7KH
FRXSOH RI RSSRVLWH IRUFHV LV RULJLQDWHGRQ HDFK VLGH RI WKH WXEH GXH WR DSSURSULDWH DUUDQJHPHQW RI VXSSRUW 7KLV
FRXSOHRIIRUFHVSURGXFHVWKHWRUVLRQPRPHQWLQWKHWXEH7RDYRLGGDPDJLQJRIFRQFUHWHLQWKHFRQQHFWLRQEHWZHHQ
WKH WXEH DQG WKH FDQWLOHYHU WKLV WUDQVLWLRQ UHJLRQ LV UHLQIRUFHG 7KHVH VKRUW UHLQIRUFLQJ EDUV VHFXULQJ FRQWLQXLW\
EHWZHHQWKHWXEHDQGFDQWLOHYHUV
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/RDGLVDSSOLHGE\VWUDLQLQFUHPHQWV7KHDLPLVWRREWDLQWKHUHODWLRQEHWZHHQWKHWRUVLRQDOPRPHQWDQGWKHDQJOH
RIWZLVWLQFOXGLQJWKHSRVWSHDNSDUWRIWKHWRUTXHWZLVWGLDJUDP'XULQJH[HFXWLRQRIH[SHULPHQWWKHGLVSODFHPHQWV
RIWXEHVXUIDFHDUHPRQLWRUHGWRRWKHVWUDLQJDXJHVDUHDWWDFKHGWRWKHWXEHVXUIDFH7KHUHVXOWRIWKHH[SHULPHQWDO
VWXG\ LV WKH WUXH UHODWLRQ EHWZHHQ VKHDU VWUHVV DQG VKHDU VWUDLQ RI ILEUHFRQFUHWH FRUUHVSRQGLQJ WR WKH SXUH VKHDU
PRGH



)LJXUH6XSSRUWVRIWKHVSHFLPHQ


6WUHVVVWUDLQGHSHQGHQFHLQWKHVKHDUUHJLPH

5.1. Shear stress-strain dependence derived from experimental results 
7KHORDGLQJSURFHVVLVFRQWUROOHGE\WZLVWWKHDQJOHRIWZLVWI SURGXFHGE\WKHORDGLQJFRXSOHDQGFRUUHVSRQGLQJ
WRUTXHWKHWRUVLRQDOPRPHQW MtLVUHFRUGHG7KHDQJOHRIWZLVWSHUXQLWOHQJWK
xw
w IT LVFDOFXODWHGDQGYDOXHVRIWKH
WRUTXHMt DVDIXQFWLRQRITFDQEHSORWWHG7\SLFDOVKDSHRIWKHMt –TGLDJUDPLVVKRZQLQ)LJXUH


)LJXUH7KHMt –TGLDJUDP

7KH VKHDU VWUHVV W FDQ EH FDOFXODWHG DFFRUGLQJ WKH ZHOONQRZQ IRUPXOD  7KLV IRUPXOD LV EDVHG RQ WKH
DVVXPSWLRQRIWKHWKLQZDOOHGFKDUDFWHURIWKHSUREOHP

At
M t

 W   

ALVWKHDUHDHQFORVHGE\WKHFURVVVHFWLRQFHQWUHOLQHLQRXUFDVH$ SUtLVWKHWKLFNQHVVRIWKHH[SHULPHQWDO
WXEHZDOODQGrLVWKHUDGLXVRIWKHFHQWUHOLQHRIWKHFURVVVHFWLRQ

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7KHVKHDUVWUDLQJ RIWKHPLGGOHVXUIDFHLVJHQHUDOO\GHWHUPLQHGE\UHODWLRQ

x
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w J   

ZKHUHv LV WKHGLVSODFHPHQWRIDFURVVVHFWLRQSRLQW LQ WKHGLUHFWLRQRI WKH WDQJHQW WR WKHFHQWUHOLQHRI WKHFURVV
VHFWLRQLHLQWKHGLUHFWLRQRIWKHFRRUGLQDWHsDQGuLVWKHZDUSLQJRIWKHFURVVVHFWLRQ
6LQFHWKHFURVVVHFWLRQVXQGHUSXUHWRUVLRQURWDWHDVXQLWVDERXWWKHD[LVRIWKHWXEHLWFDQEHZULWWHQ

rv  I    

$QGUHJDUGLQJWKDWQRZDUSLQJuDWWKHD[LV\PPHWULFWXEHFURVVVHFWLRQDULVHVWKHVKHDUVWUDLQLVVLPSO\

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w
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

$SSOLQJWKH(TXDWLRQVDQGZHFDQIURPWKHMt –TGHSHQGHQFH)LJXUHGHULYHWKHFRUUHVSRQGLQJW J 
GHSHQGHQFHZKLFKLVSORWWHGLQ)LJXUH


)LJXUH7KHW J GLDJUDPIRUSXUHVKHDU

5.2. Shear stress-strain dependence derived from compressive and tensile behaviour 
7KH VWUHVVVWUDLQ GLDJUDP IRU VKHDU PRGH FDQ EH DOVR REWDLQHG E\ D WKHRUHWLFDO ZD\ /HW DVVXPH WKDW WKHUH DUH
DYDLODEOHVWUHVVVWUDLQGLDJUDPVIRUD[LDOFRPSUHVVLRQDQGWHQVLRQVHH)LJXUH


)LJXUH7KHV H GLDJUDPIRUD[LDOORDG

3XUH VKHDU FDQ EH UHSUHVHQWHG E\ SULQFLSDO VWUHVVHV RUWKRJRQDO FRPSUHVVLRQ DQG WHQVLRQ DQG VR WKH PDWHULDO
RUWKRWURSLFIRUPXODWLRQFDQEHLQWURGXFHG

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,QGH[VLJQVWKHFRPSUHVVLYHGLUHFWLRQDQGLQGH[VLJQVWKHWHQVLOHGLUHFWLRQ$IWHUWKHFUDFNLQLWLDWLRQWKHYDOXH
RI Q DSSURDFKHV)URPWKHD[LDOVWUHVVVWUDLQGHSHQGHQFH)LJXUH LWFDQEHGHULYHGVWUHVVVWUDLQGHSHQGHQFH
YDOLGIRUVKHDUUHJLPHE\DSSOLFDWLRQ(TXDWLRQ,QWKLVVWXG\LWLVDVVXPHGWKDWWKHVKHDUVWUHVVW FRUUHVSRQGVWR
WKHD[LDOWHQVLOHSULQFLSDOVWUHVVV ,QUHDOLW\FRQFUHWHLQSXUHVKHDUPRGHZRXOGIDLOVOLJKWO\EHIRUHLWLVUHDFKHGWKH
WHQVLOH FDSDFLW\ $FFRUGLQJ WR WKH ELD[LDO VWUHVV IDLOXUH FULWHULRQ YDOLG IRU FRQFUHWH .XSIHU  WKH XOWLPDWH
SULQFLSDO VWUHVV LV OLWWOH ELW ORZHU WKDQ FRQFUHWH WHQVLOH VWUHQJWK LQ FDVH RI SXUH VKHDU VHH )LJXUH  +RZHYHU
H[SHULPHQWDOUHVXOWVHQDEOHWRFDOLEUDWHWKHVKDSHRIELD[LDOVWUHVVIDLOXUHIRUILEUHFRQFUHWHLQDVKHDUUHJLPHUHJLRQ

)LJXUH%LD[LDOVWUHVVIDLOXUHFULWHULRQIRUFRQFUHWH

5.3. Failure localization and interpretation of results 
&RQFUHWHDVWKHEULWWOHPDWHULDOH[KLELWVORFDOL]DWLRQRIIDLOXUH7KLVKHDYLO\DIIHFWVWKHGHVFHQGLQJSRVWSHDNFXUYH
RIDVWUHVVVWUDLQGLDJUDP$IWHUWKHFUDFNRULJLQDWLRQWKHPDWHULDOEHKDYLRXUGHVFULEHGE\VWUHVVVWUDLQGHSHQGHQFH
FDQEHDSSOLHGZLWKDFDXWLRQ6XFKUHVXOWVDUHDSSOLFDEOHRQDSSUR[LPDWHO\VLPLODUO\ ODUJHVSHFLPHQRUVWUXFWXUDO
PHPEHU7KLVVKRXOGEHWDNHQLQWRDFFRXQWDOVRLQGHULYDWLRQLQSUHYLRXVFKDSWHU
+RZHYHU VWHHO ILEUH UHLQIRUFHG FRQFUHWH 6)5&ZLWK ODUJH DPRXQW RI ILEUHVPD\ H[KLELW GLIIHUHQW EHKDYLRXU ,Q
FDVH RI TXDQWLW\ RI ILEUHV ODUJHU WKDQ WKH PLQLPXP UHLQIRUFHPHQW DUHD WKH FUDFNLQJ SDWWHUQ LV PRUH IOXHQWO\
GLVWULEXWHGRYHUWKHVSHFLPHQ7KHQLWLVSRVVLEOHWRDSSO\VWUHVVVWUDLQGHSHQGHQFHDOVRRQVSHFLPHQVRUVWUXFWXUDO
PHPEHUVZLWKGLIIHUHQWGLPHQVLRQV
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)LJXUH7KHV H GHSHQGHQFHLQWHQVLRQIRUILEUHFRQFUHWHZLWKODUJHDPRXQWRIILEUHV

)URP)LJXUHLWFDQEHFRQFOXGHGWKDWDWWKHWLPHRIFUDFNLQLWLDWLRQWKHXOWLPDWHVWUHQJWKLVQRWUHDFKHGWKHFUDFN
LVVXIILFLHQWO\UHLQIRUFHGDQGLVFDSDEOHWRWUDQVPLWLQFUHDVLQJORDG7KLVZRXOGILQDOO\UHVXOWLQIOXHQWO\GLVWULEXWHG
FUDFNVWKXVWKHV H SRVWSHDNGHSHQGHQFHLVDFFHSWDEOHZLWKRXWDQ\UHVWULFWLRQV


&RQFOXVLRQV

)LEUHFRQFUHWHLVLQSUDFWLFDOUHDOL]DWLRQVRIWHQGHVLJQHGWRFDUU\VKHDUIRUFHV+RZHYHUH[LVWLQJVKHDUH[SHULPHQWV
DUH RI EHDP DUUDQJHPHQW WKXV WKH VKHDU LV QHFHVVDULO\ DFFRPSDQLHG E\ IOH[XUDO HIIHFWV 7KH SURSRVHG WHVW
DUUDQJHPHQWHQDEOHVWRREVHUYHPHFKDQLFDOFKDUDFWHULVWLFVRIILEUHFRQFUHWHLQWKHSXUHVKHDUPRGH1RDGGLWLRQDO
DQG XQGHVLUHG VWUHVVHV GLVWXUE WKH SXUH VKHDU FKDUDFWHU RI WKH H[SHULPHQW 7KH DLP LV WR PHDVXUH QRW RQO\ WKH
XOWLPDWH VWUHQJWKEXWDOVR WKHGHVFHQGLQJSRVWSHDNRI WKH WRUTXHWZLVWGLDJUDP7KHVHH[SHULPHQWDO UHVXOWVEULQJ
QHZDQGLQWHUHVWLQJLQIRUPDWLRQWKDWLVHVVHQWLDOIRUIXOOXQGHUVWDQGLQJRIILEUHFRQFUHWHSHUIRUPDQFH

$FNQRZOHGJHPHQWV

)LQDQFLDO VXSSRUW IURP WKH7HFKQRORJLFDO$JHQF\RI WKH&]HFK5HSXEOLF WKURXJK WKHSURMHFW&(67, *UDQW1R
7(LVJUDWHIXOO\DFNQRZOHGJHG
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